Introduction
Ti-29Nb-13Ta-4.6Zr composed of non-toxic and non-allergic elements has been developed for biomedical applications [1] [2] [3] [4] [5] . Ti-29Nb-13Ta-4.6Zr is expected to be applicable not only for dental implants but also for dental products such as crowns, dentures, inlays, etc. Dental precision casting is in general used for fabricating dental products mentioned above. Melting point of Ti-29Nb-13Ta-4.6Zr is much higher comparing with a conventional titanium alloy, Ti-6Al-4V ELI, for dental products [6] .
In general, alumina based investment material is used for dental precision casting of precious dental alloys like gold based alloys, Ag-Pd-Au-Cu type alloys, etc. Since titanium and its alloys like conventional dental titanium alloy, Ti-6Al-4V ELI, are very active, magnesia based investment material, which is more stable than alumina based investment materials at high temperature, is used for dental precision casting of them. Molten Ti-29Nb-13Ta-4.6Zr is more active comparing with Ti-6Al-4V ELI because of very high melting point as stated above. Therefore, development of mold materials for dental precision casting of Ti-29Nb-13Ta-4.6Zr is highly required. Calcia is more stable than magnesia at high temperature [7] . Calcia is expected suitable for dental precision casting of Ti-29Nb-13Ta-4.6Zr. However, application of calcia to mold material for dental precision casting of titanium and its alloys has not been yet accomplished because the mold made of calcia is easily cracked and is difficult to treat.
Therefore, dental precision casting process for Ti-29Nb-13Ta-4.6Zr using mold made of electrically fused calcia was investigated in this study. Table 1 Mixing ratio of electrically fused calcia powder (mass%)   20  40  60  80  ----100  --C3   ----20  40  60  80  -100  -C2   80  60  40  20  80  60  40  20  --100 Electrically fused calcia powders with three different sizes were used for mold materials (investment materials). Their diameters were below 0.3 mm (C1), 0.3-1 mm (C2) and 1-3mm (C3). The bonding agent of investment material used in this study was methanol solution with 7 % calcia chloride, CaCl 2 . Single C1, C2 or C3, or mixture of 2 kinds of C1, C2 and C3 were used for investment materials. The mixture ratios of electrically fused calcia powders, C1, C2 and C3 for fabricating mold are tabulated in Table 1 . Each calcia was mixed with bonding agent, and then invested in the mold frame with wax pattern of round bar with a diameter of 6 mm and a length of 50 mm and simulated dental crown. Invested mold was hold in desiccator for 24 h at room temperature. Multiple baking was then carried out with mold. The multiple baking process is schematically shown in Fig.1 . On the other hand, duplex coating method of calcia was applied for casting. In that case, the wax pattern was firstly coated with C1 and then coated with crashed silica fiber reinforced C1.
Experimental procedures
The titanium alloys used for casting were Ti-29Nb-13Ta-4.6Zr, which is a newly developed beta type titanium alloy for biomedical applications. The casting was carried out using argon pressure type dental precision casting machine.
The thickness and hardness of α case was measured from near the surface to inside of the round bar specimen, which was mechanically cut, and then polished using water proof emery paper up to 1500#, using a Vickers hardness tester. The surface roughness of the cast specimen was measured using a surface characterization equipment. In this case, average roughness, Ra, was evaluated.
Experimental Results and Discussion
Effect of mixture ratio of fine and coarse calcia on cracking of mold. A number of cracks are observed on the surface of the mold made of single C1 as shown in Fig.2 . A number of cracks are observed on the surface of the mold and it is difficult to fabricate green mold by single C2or C3. Therefore, it was difficult to form the mold using single C1, C2 or C3.
The mold made of the mixture of 40 mass% C1 and 60 mass% C3 shows superior mold surface with almost no cracks as shown in Fig.3 . It is considered that crack initiation was inhibited because the expansion of C1 was properly absorbed by adding 60 mass%C3. The photograph of the specimen of 
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Ti-29Nb-13Ta-4.6Zr cast using the mold made of the mixture of 40 mass % C1 and 60 mass% C3 is shown in Fig.4 with the photograph of the specimen of Ti-29Nb-13Ta-4.6Zr cast using the conventional calcia mold. made of single C1. The surface of the specimen cast using the mold of the mixture of 40 mass%C1 and 60 mass% C3 (hereafter C1C346) is much smoother than the specimen cast using the conventional calcia mold. However, the small projections are observed on the surface of the specimen. In particular, the surface roughness is great in the bottom part of the specimen. These projections are considered to be formed due to bubbles, which could not come out during investments or penetration of the molten metal into mold. Effect of coating of calcia on wax pattern on appearance of casting. As a result of investigation on the ratio of binder that is the content ratio of (CaCl 2 +ethanol solution), a binder ratio of 20 % was chosen. Then, the coating slurry of calcia with 20 % binder was repeatedly coated on the wax pattern. Figure 5 shows the appearances of cast specimens of Ti-29Nb-13Ta-4.6Zr using 1 time coating and 4 times coating wax patterns. The fins are observed on the specimen surface. The penetration is obviously increases with coating time. However, the surface condition of the specimen part without penetration is much better than that of the specimen made by no-coating method stated above. Effect of back up mold on appearance of casting. The penetration was found to occur due to the cracking of the coating layer, which was caused by the expansion of the back up mold during baking. Therefore, powder of C1C346 was compacted, and was used for back up mold instead of slurry of C1C346. In this case, the proper ratio of binder versus C1C346 was found to be 14 : 1. The photograph of the specimen of Ti-29Nb-13Ta-4.6Zr cast using 4 time coating wax pattern and powder compacted back up mold of C1C346 are shown in Fig.6 . No penetration is observed on the surface of specimen, but surface condition is not the best. The surface conditions of the specimen are better comparing with that of the specimen made using C1C346 slurry. Reinforcement of coating layer. In order to avoid the penetration of the end of the specimen and modify the specimen surface conditions, coating layer was reinforced by crashed silica fiber. The first coating of wax pattern was done using pure C1 slurry, and the second coating of wax pattern was done using crashed silica fiber reinforced C1 slurry. The content of crashed silica fiber was 0.3 mass %. The photograph of the specimen of Ti-29Nb-13Ta-4.6Zr cast using wax pattern conducted with duplex coating of pure C1 and crashed silica fiber reinforced C1 slurry is shown in Fig.7 . In this case, sandblasting treatment is not carried out. Even without sand blasting treatment, the surface condition of the specimen is very smooth without penetration. Hardness of specimen made by duplex calcia coating method. Figure 8 shows the hardness distribution of the specimen of Ti-29Nb-13Ta-4.6Zr cast using duplex calcia coating method as a function of the distance from the surface of the specimen with the hardness data obtained when the same specimen was made by general dental precision casting method using magnesia based investment material. The hardness near the surface of the specimen cast using duplex calcia coating method is much lower than that of the specimen cast by general dental precision casting method using magnesia based investment material. Therefore, the surface reaction of the specimen with the mold is judged to be much smaller in the case of duplex calcia coating method. The hardness inside the specimen cast using duplex calcia coating method is also a little lower than that of the specimen cast by general dental precision casting method using magnesia based investment material. The maximum hardness near the surface of the specimen cast using duplex calcia coating method is around 300 Hv. Dental product made by duplex coating method. Ti-29Nb-13Ta-4.6Zr was applied for making one example of dental products, crown, using calcia duplex coating method. The photograph of the crown is shown in Fig.9 . The crown of Ti-29Nb-13Ta-4.6Zr is successfully fabricated using calcia duplex coating method.
Summary
(1) The surface of the mold made of the mixture of fine (diameter is smaller than 0.3 mm) and coarse (diameter is between 1 and 3 mm) calcia is fine, and shows no cracks or defects. (2) The surfaces of the castings of Ti-29Nb-13Ta-4.6Zr and fabricated using duplex-coated wax pattern with fine pure calcia and crashed silica fiber reinforced fine calcia is very fine.
(3) The formation of the surface reaction layer on the casting of Ti-29Nb-13Ta-4.6Zr is remarkably inhibited (4) Dental product, crown, of Ti-29Nb-13Ta-4.6Zr is successfully fabricated using calcia duplex coating method.
